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Juvenile (I yr) and adult (3-5 yr) male rhesus monkeys (Macaca  mulatta) andjuvenile (I-4 yr) and adult (S-10 yr)
male squirrel monkeys (Saimiri sciureus) were fed a diet at or near ad libitum levels based on recommended caloric
intake for age and body weight or fed 30% less of the same diet with this restriction gradually introduced over a 3-mo
period. Analysis of body weights among these respective control and experimental groups from the first year of the
study indicated that the monkeys undergoing dietary restriction were gaining weight at a markedly slower rate
compared to control values. Actual food intake among diet-restricted groups had been reduced 22-2496 below control
levels. Periodic analysis of hematology and blood chemistry measurements over the first year of the study detected few
signiJicant differences between control and experimental groups to indicate that diet restriction was not detrimental to
general health. When values obtained from hematology and blood chemistry measurements of juvenile and adult
groups (control and experimental groups combined) were compared to ad libitum fed old monkeys from each species
(> 18 yr for rhesus; > 10 yr for squirrel monkeys), many significant age differences were noted. Among the largest
and most consistent findings in both species were age-related decreases in concentrations of lymphocytes, serum
glutamic  oxahcetic  transaminase,  serum glutamic pyruvic transaminase, alkaline phosphatase, and phosphates as
well as the albuminlglobulin ratio and the blood urea nitrogenlcreatinine ratio. Age-related increases in serum
globulin and creatinine concentrations were also found. These parameters as well as many others being implemented
in the study will be monitoredfurther to determine if diet restriction affects the rate of development as well as aging as
observed in numerous rodent studies applying such nutritional manipulations.

0 VER five decades ago it was first recognized that the life
span of laboratory rats could be increased up to 50%

relative to ad libitum fed controls by dietary restriction
(McCay et al., 1935). This observation has been repeated in
numerous species, such as flies, water fleas, fish, and mice
with various feeding regimens (for reviews see Barrows and
Kokkonen, 1984; Weindruch and Walford, 1988). In rats
and mice, the increase in maximum life span appears to
depend primarily on caloric restriction, which is associated
with later appearances and lower incidences of most sponta-
neous diseases and retarded rates of change for most age-
sensitive parameters studied to date (Weindruch and
Walford, 1988).

The experimental evidence that dietary restriction length-
ens life span of different species suggests similar effects may
be expected in human and nonhuman primate species. How-
ever, it is important to emphasize that all previous dietary
restriction experiments have utilized species having consid-
erably shorter life spans than primates. Since little is known
about mechanisms governing species differences in longev-
ity or how dietary restriction increases life span, it is possible
that, as the natural (ad libitum-fed) life span of different
species increases, the effect of dietary restriction on life span
extension would decrease (Cutler, 1984). This prediction is
based on the possibility that life extension mechanisms
induced by dietary restriction of short-lived species, such as
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rats or mice, may be normally expressed in species that are
naturally longer-lived, even under ad libitum conditions. If
this hypothesis were true, then the life span extension effect
of dietary restriction in primates should be considerably less
than that observed in shorter-lived rodent species. Regarding
diet and aging, it is difficult to make comparisons between
humans and other mammals because animals do not always
eat ad libitum in the wild and old individuals are rarely found
due to increased susceptibility to predators. Thus, the
possibility of dietary restriction affecting human aging is
controversial.

In light of the intense recent interest in the mechanisms,
physiological validity, and possible applicability of dietary
restriction to humans (Masoro, 1988; Walford, 1986),  it has
become essential that this phenomenon be tested in animal
models more closely related to humans. We have chosen two
primate species, Maraca mulatta (rhesus monkey) and
Saimiri sciurius (squirrel monkey), representing Old and
New World monkeys, respectively, with which to examine
the effects of dietary restriction on aging processes. The
twofold difference in maximal life spans of these species,
which are approximately 40 and 20 years, respectively
(Jones, 1968),  provides an opportunity to assess and to
compare possible dietary-induced alterations on aging. We
are evaluating a battery of noninvasive physiological and
biochemical tests that might index aging processes in various
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systems. These have been selected to monitor health status
as well as to correlate with chronological age in primates or
other species (Kessler et al., 1983; Short et al., 1987;
Weindruch and Walford, 1988).

The dietary restriction regimen involved a gradually im-
posed 30% reduction in total food intake from estimated ad
libitum levels. This objective was selected on the basis of
rodent studies to affect aging processes without severely
retarding growth or impairing health. To guard against
malnutrition, the diet has been supplemented with vitamins
and minerals to provide all animals at least the minimum
recommended allowance. Three age groups of males were
studied for each species: juvenile, young adult, and old. All
old animals were fed ad libitum and were included to provide
cross-sectional age comparisons. Juvenile and young adults
were assigned to control and experimental subgroups to
coincide with those ages most affected by diet in rodent
studies (Weindruch and Walford, 1988). Findings on food
intake, body weight, blood chemistries and cell counts from
the first year of this project are reported.

M E T H O D S

Animal
The

Procurement
procurement and quarantine of all animals were

supervised by personnel in the Division of Research Ser-
vices, NIH, at the Primate Unit (Poolesville, MD) using
standard procedures. Upon arrival at the Poolesville facility,
each monkey was tattooed on the chest for identification and
quarantined for 60 days. The monkeys continue to be main-
tained at Poolesville.

Male rhesus monkeys (Macaca  mulatta)  were acquired
during December 1986February  1987 and consisted of: 12
juveniles (0.61 .O yr, IM = 0.9 yr), 12 young adults (3-5 yr,
/M = 4.2 yr), and 6 old (> 18-25 yr, IM = 19.5 yr). Both the
juveniles and adults were born in captivity. The juvenile
monkeys were born, reared, and obtained from the NIH
facility at Perrine, Florida via a short stay at the Primate
Research Institute (PRI at the New Mexico State University,
Holloman Air Force Base). The adults were obtained from a
research colony in the People’s Republic of China via the
Texas Primate Center (TPC). The old group was captured in
India sometime after 6 years of age and was classified as full
adult on arrival. They were obtained from breeding colonies
at Perrine, where they had been housed in social mixed age
and sex breeding groups. The ages of the rhesus monkeys
were determined by dental archives and historical receipt
records, which were fairly detailed. According to the avail-
able records, no monkey had been used in invasive experi-
ments prior to procurement.

Obtained in February 1987, the squirrel monkeys (Saimiri
scizrreus)  were males grouped by age as follows: 12 juvenile
(l-4 yr), 13 adult (5-10 yr), and4 old (> 10 yr). Most were
captured from the wild and purchased from World Wide
Primates (Dallas, TX). Virtually all monkeys were identified
by morphometric characteristics and selected cytogenetic
typing on some animals to be of the sciureus subspecies,
except for 6 monkeys (2 adult and 4 old obtain.ed from the
Primate facility at Iquitos, Peru) that were typed as the
lx~liviensis  subspecies. An additional subject (sciureus sub-

species) was obtained from the Naval Medical Research
Center to replace one of the adult monkeys that died shortly
after arrival. As with the rhesus subjects, all squirrel mon-
keys had been free from invasive experimentation.

Housing
The monkeys in this study were under the care of staff

veterinarians (M.A., D.M.R.) and trained primate techni-
cians (C.T. B., M.A.C., C.D.H.) and maintained using the
Primate Unit’s standard procedures with the modifications
described below.

Except for the aged rhesus monkeys, which were individ-
ually caged because of a greater propensity for fighting, all
animals were housed originally in pairs with cagemates of
matching species, diet, and approximate age as estimated at
the outset of the study. Pair housing of monkeys was used to
strike a balance between social needs of the animals and
experimental needs of controlling food intake. Two or three
interconnected stainless steel cages (88.9 cm high by 61 .O
cm wide by 68.5 cm deep each) were used per monkey pair.
The triple cages were used for all juvenile and adult pairs of
rhesus monkeys. Double cages were used for selected large
individuals from the old rhesus group. The squirrel monkey
pairs were all housed in double-connected cages. The inter-
connected cages had a sliding partition to isolate cagemates
during feeding and thus to control individual food intake. A
wire screen (0.6 cm) placed approximately 8 cm below the
cages enabled monkeys to retrieve dropped food and facili-
tated measurement of individual food intake.

The rooms, 2.9 x 8.2 m in size, contained no windows
but had temperature (22-28 “C),  humidity (50-60%) and
light-cycle ( 12 hr on; 12 hr off) under automatic control. All
light was fluorescent, providing 30 ft candles of illumination
per room. Ventilation was 100% fresh air at 10-l 5 changes
per hour with standard filtration. Water was provided to each
cage ad libitum via an automatic, filtered, and chlorinated
(2-3 ppm) watering system. Each cage contained a white
Teflon ball (about 5.1 cm diameter) that has been used as an
environmental stimulant for laboratory primates (Renquist
and Judge, 1985). Cages were washed twice daily and
removed for steam cleaning on a regular basis.

Health monitoring. - All animals were observed daily.
Physical examinations and hematologic studies were con-
ducted in each monkey every 3 months. Fecal study for
parasites was analyzed in samples from randomly selected
monkeys every 3 months. Routine tuberculin testing and
dental cleaning were performed twice yearly.

Experimental Design
Five subgroups of rhesus monkeys were established using

juvenile (0.6-l yr), young adult (3-5 yr), and old ( 18-25  yr)
animals: (1) a juvenile control group fed the diet at an
approximate ad libitum level based on estimated energy
requirements for their age and weight (n = 6); (2) a juvenile
experimental group subjected to 30% dietary restriction
relative to control values (n = 6); (3) an adult control group
(n = 6); (4) an adult experimental group (n = 6); and (5) an
old control group (n = 6).

Five subgroups of squirrel monkeys were also established
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using juvenile (l-4 yr), adult (5-9 yr), and old (> 10 yr)
animals as follows: (1) juvenile control (n = 7); (2) juvenile
experimental (n = 5); (3) adult control (n = 7); (4) adult
experimental (n = 6); and (5) old control (n = 4).

Within age groups of both species, cagemates and diet
groups were matched on the basis of body weight. Where
records indicated the inclusion of siblings or half-siblings,
these were balanced across control and experimental groups
to the extent possible. Because only broad age range esti-
mates were originally available for the wild-caught squirrel
monkeys, revised age estimations were based on morpho-
metric and dental parameters made after the initial group-
ings. Accordingly, several individuals were reclassified by
age groups after the study had been initiated.

I

Diets and Feeding Strategies
Separate natural ingredient diets were used for each spe-

cies. Each diet was formulated by an experienced primate
nutritionist (J.J.K.) to contain the required concentration of
nutrients and was manufactured into a palatable form and
texture. Nutrient concentrations were based on published
estimates of requirements for nonhuman primates (National
Research Council, 1978) and on the nutrient concentration in
commercially available diets that have resulted in acceptable
performance when consumed by these species.

Because the objective of this study was to offer food to
experimental animals at 70% of control levels without risk-
ing nutrient deficiency, the concentration of vitamin and
mineral premixes used in the diets fed to all animals was
increased by 40% above the amount considered adequate for
ad libitum fed animals. Thus, the diet-restricted monkeys
received approximately 100 percent of the recommended
daily allowance. Another advantage of this procedure was
the elimination of the potential variables that are introduced
when different diets are fed to experimental and control
groups.

Diet formulations. - The formulation for the diet fed to
the rhesus monkeys (Table 1) is a modification of the high-
fiber diet routinely fed to monkeys maintained at the Na-
tional Institutes of Health. The modification involved lower-
ing the crude fiber content from 7 to 5% in an attempt to
more closely match the levels found in most commercially
available primate diets. The diet was manufactured (Agway,
Ithaca, NY) by extruding into biscuits (0.71-O-95 cm thick,
1.59-2.54  cm long).

The formulation for the diet fed to the squirrel monkeys
(Table 2) is a modification of the one used for a marmoset
and tamarin diet (Barnard et al., 1988). The difference is the
lowering of crude fat concentration from about 10 to 8%.
This diet was manufactured (Zeigler, Gardners, PA) using
cold pelleting techniques into 1.27 cm round pellets, 1.91-
3.18 cm in length.

The calculated nutrient concentrations of both diets are
presented in Table 3. The diet fed to squirrel monkeys
contains a higher content of energy (33% higher), protein
(30% higher), and fat (59% higher) than is in the diet fed to
rhesus monkeys.

Diet management. - The rhesus diet was manufactured

Table 1. Formulation for the Rhesus Monkey Diet

Ingredient

Basal Mix”

Amount
(% by Weight)

Ground wheat
Ground corn
Soybean hulls
Soybean meal (48% protein)
Fish meal (60% protein)
Sugar
Alfalfa meal
Dried whey
Brewers yeast
Limestone
Dicalcium  phosphate
Iodized salt
Mineral mix
dl-methionine
Vitamin mix

35.50
22.10
12.00
8.50
5.47
4.00
3.00
3.00
2.00
1.30
I .oo
0.60
0.40
0.13
1.00

100.00

Complete Dietb

Basal mix
Soybean oil
Vitamin C

96.75
3.10
0.15

100.00

Mineral Premix

Mineral

Cobalt
Copper
Iron
Magnesium
Manganese
Potassium
Zinc
Iodine

Amount
(per 100 lb product) Source

30.0 mg Cobalt carbonate
500.0 mg Copper sulfate

3.0 g Iron sulfate
22.0 ”2 Magnesium oxide
3.0 g Manganous oxide

25.0 g Potassium bicarbonate
3.7 g Zinc oxide

100.0 mg Calcium iodate

Vitamin Premix

Amount
Vitamin (per 100 lb product) Source

Vitamin A 680.000 IU Stabilized Vitamin A
Vitamin D 2 3 0 . 0 0 0  I U  D - 3
Vitamin E 3.0 g dl-alpha-tocopheryl acetate
Vitamin B,? 850.0 mcg
Riboffavin 350.0 mg
Niacin 3.0 g
Pantothenic acid 3.0 g d-calcium pantothenate
Choline 20.0 g Choline chloride
Meandione activity 500.0 mg
Folic acid 400.0 rng
Thiamin 250.0 mg Thiamin mononitrate
Pyridoxine 500.0 mg
Biotin 5.0 mg d-biotin

aThe  Basal Mix was extruded.
bThe soybean oil and Vitamin C are sprayed on the outside of the extruded

biscuits.

in 1,8 14 Kg batches, the squirrel monkey diet in 454 kg
batches, and stored in a freezer (< - 18 “C) until use. Test
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Table 2. Formulation for the Squirrel Monkey Diet Table 3. Calculated Nutrient Concentrations of the Diets

Ingredient

Basal Mix

Amount
(c/c by Weight)

Fish meal (60% protein)
Soybean meal (48% protein)
High fat milk solids
Corn flour
Casein
Glucose
Apple pomace
Beet pulp
Soybean oil
Soybean lecithin
Dicalcium  phosphate
Calcium carbonate
Salt
Mineral mix
Vitamin mix

10.00
12.00
6.50

25.50
6.40

17.90
10.00
5.00
I .90
0.60
1.00
0.60
0.60
1 .oo
1.00

100.00

Nutrient

Crude protein
Crude fat
Crude fiber
Gross energy

Rhesus
Monkey

Units Diet

% 15.37
% 5.01
% 5.00

Kcal/g 3.77

Amino Acids (% of total diet)

Squirrel
Monkey

Diet

20.34
7.97
4.99
4.03

Mineral Premix

Mineral

Cobalt
Copper
Iron
Magnesium
Manganese
Potassium
Zinc
Iodine

Amount
(per 100  lb product) Source

50.0 mg Cobalt carbonate
900.0 mg Copper sulfate

5.0 g Iron sulfate
50.0 g Magnesium oxide
43.5 g Manganous oxide

232.0 g Potassium bicarbonate
4.5 g Zinc oxide

100.0 mg Calcium iodate

Vitamin Premix

Arginine
Lysine
Methionine
Cystine
Tryptophan
Glycine
Histidine
Leucine
Isoleucine
Phenylalanine
Tyrosine
Threonine
Valine

Minerals

.86 1.14

.88 1.34

.32 .47

.24 .21

.21 .24

.91 .90

.37 .52
1.22 1.75

.83 1.07

.76 .99

.52 .80

.65 .85

.85 1.15

Vitamin

Vitamin A
Vitamin D
Vitamin E
Vitamin B,?
Riboflavin
Niacin
Pantothenic acid
Choline
Meandione activity
Folic acid
Thiamin
Pyridoxine
Biotin
Vitamin C

Amount
(per 100 lb product) Source

680.000 IU Stabilized Vitamin A
230,000 IU D-3

3.5 g dl-alpha-tocopheryl acetate
I .300  mcg
550.0 mg

4.7 g
3.4 g d-calcium pantothenate

65.8 g Choline chloride
500.0 mg
500.0 mg
500.0 mg Thiamin mononitrate
700.0 mg

15.0 mg d-biotin
50.0 g

Calcium
Phosphorous
Potassium
Sodium
Magnesium
Iron
Zinc
Manganese
Copper
Cobalt
Iodine

%
%
%
%
%

w/k
n-m%
~!Ykk?
mu%
%/kg
w/kg

Vitamins

1.12 1.13
0.70 0.70
0.63 0.63
0.35 0.35
0.21 0.22

301 .o 230.0
101 .o 100.4
99.0 99.4
22.8 23.1

1.0 1.1
2.4 2.2

Vitamin A IU/g 15.0 15.0
Vitamin D NJ/g 5.0 5.0
Vitamin E n-%/k 76.8 77.4
Vitamin K we 11.0 11.0
Thiamin n-%/kg 10.4 11.0
Riboflavin w2~kg 12.0 12.1
Niacin n-M% 104.0 103.8
Pantothenic acid w/kg 74.0 74.8
Choline n-%/kg 1470.0 1470.0
Folic acid n-d% 10.1 11.0
Biotin mu% 0.3 0.3
Pyridoxine mu% 14.8 15.4
Vitamin B ,z W/k!? 28.7 28.8
Vitamin C r-W/kg 1100.0 1100.0

samples were collected from each production batch of diet
prior to freezer storage, and at 6-month intervals during the
storage period these were sent to an independent laboratory
(Lancaster Laboratory, Lancaster, PA) for nutrient and con-
taminant assays. The assays indicated that (a) the nutrients
were at the expected levels, (b) contaminant concentrations
did not exceed the recommended limits for toxicology stud-
ies (Rao and Knapka, 1987),  and (c) freezer storage had little
influence on nutrient c’bncentrations.

Feeding practices. - Potential for error exists in deter-
mining the ad libitum food intake of nonhuman primates due
to their untidy feeding behaviors in captivity. Often pellets
or biscuits are spread throughout the home cage or in areas of
the animal room. The nutritional objective for this study was
to provide sufficient food for control groups to meet their
estimated energy requirements (National Research Council,
1978) based on their age and individual mean body weight
over the preceding 3-mo period (Table 4). The experimental
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animals were introduced to food restriction during a 3-mo
transition period (90% of ad libitum intake during the first
month, 80% during the second month, and 70% thereafter).

Food was offered in a stainless steel tray mounted on the
outside of each cage. Each animal was moved into an
individual cage about 0700 and fed a measured amount
(50%) of the daily allotment. The remainder of the daily
ration was offered at 1330. At 1500 all unconsumed food
was removed, and the amount of uneaten food determined.
The monkevs were then caged in their designated pairings
until the ne’xt morning. During selected intervals, ‘uneaten
food was weighed after being dried in an oven, and the
amount consumed for each monkey determined as a percent
of the average dry weight of pellets. Also, each monkey was
provided with a small amount of fresh fruit on a weekly
schedule.

Experimental iMeasurements
Monthly, monkeys were anesthetized (7-10 mg/kg ke-

tamine i.m.) prior to the morning feeding. When the monkey
was supine, it was removed quickly from the cage, weighed
on an electronic balance, and blood samples (12 ml for
rhesus, 4 ml for squirrel) were drawn from the femoral vein.
Because blood samples were obtained within 10 min of
ketamine administration, effects of this anesthetic on hema-
tological and serum biochemical values were considered
minimal (Yoshida et al., 1986). Standard hematology and
blood chemistry assays were performed at the Maryland
Medical Laboratory (Baltimore, MD). These data were thus
collected monthly during baseline and the 3-month transition
to dietary restriction (5 occasions), and quarterly after that (2
occasions analyzed in current report).

RESULTS

Body Weight
dne year of dietary restriction reduced rates of body

weight increase in juvenile and adult monkeys of both
species relative to respective control groups. Several statisti-
cal analyses were applied to confirm this observation and to
compare body weight changes among groups.

Individual body weights obtained at monthly weighings
reveal considerable heterogeneity (Figure 1). Mean (SEMs)
monthly body weights for each group (Figures 2-3) illustrate
three obvious differences without statistical analysis: (1) the
body weights of rhesus monkeys were generally greater (4-
10 times higher) compared to squirrel monkeys in compara-
ble age groups; (2) each species showed an age-related
increase in body weight; and (3) the effect of diet on body
weight is much more apparent in rhesus compared to squirrel
monkeys.

0.20 13 1 2 11
0.25 1 6 15 13
0.30 23 2 1 1 9
0.35 26 24 2 1
0.40 3 1 28 25
0.45 36 33 29
0.50 41 37 33
0.55 44 40 36
0.60 46 42 37
0.65 47 43 38
0.70 48 44 39
0.75 48 44 39
0.80 48 44 39
0.85 50 45 40
0.90 5 1 46 41
0.95 54 49 44
1.00 57 52 46
1.05 60 54 48
1.10 63 57 51
1.15 66 60 53
1.20 69 63 56

10
1 2
1 6
1 8
22
25
29
3 1
33
34
34
34
34
35
36
38
40
42
44
46
49

aSome early minor adjustments were made to increase levels
monkeys and decrease levels for the heaviest monkeys.

for the lightest

matelv 50% variability in starting weights,
was analyzed in several ways.change

body weight

At the outset of the study, control and experimental First, a 2 (diet) by 13 (month) analysis of variance
groups were matched on the basis of body weight, such that (ANOVA)  with repeated measures on the last factor was
no statistical difference existed (p > .05,  according to two- conducted separately for juvenile and adult groups of each
tailed t-tests). The reassignment of ages for some of the species. The results of these analyses revealed no significant
squirrel monkeys as mentioned earlier resulted in the appear- main effects of diet (ps  > .OS)  but significant main effects of
ance of a difference in starting weight (Figure 3) in the months (ps  < .OOOl) to substantiate the observed increases
juvenile group, but it was not statistically significant (two- in body weight. Most importantly, as hypothesized, signifi-
tailed t-test, p > .05).  Because groups exhibited approxi- cant diet by month interactions were observed in the results

Table 4. Daily Food Allotments” According to Diet,
Body Size, and Monkey Species

Degree of restriction

Body Weight
(Kg)

Control
w

- 10% - 20% - 30%
(8) (Is) (8)

Rhesus Monkeys

1.5 130 117 104 9 1
2.0 137 124 111 98
2.5 137 124 111 98
3.0 150 137 124 104
3.5 156 143 130 111
4.0 176 163 143 124
4.5 189 176 156 130
5.0 195 176 156 137
5.5 215 195 176 150
6.0 221 202 182 156
6.5 234 215 189 163
7.0 241 221 195 169
7.5 247 221 202 176
8.0 254 234 208 176
8.5 260 234 208 176
9.0 260 234 208 182

12.0 280 254 228 195
15.0 299 273 241 215
18.0 319 292 260 228

Squirrel Monkeys
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Figure 1. Individual body weights of monkeys.
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Figure 2. Mean (SEA!) body weights of rhesus monkeys. Figure 3. Mean (SEM)  body we:ghts of squirrel monkeys.

of these analyses to indicate retarded body weight increase .OOOl;  juvenile squirrel: F[12,120] = 1.89, p < .05; adult
among experimental groups (juvenile rhesus: F[ 12,120]  = squirrel: F[12,132] = 3.42, p < .0003).
4 . 3 6 ,  p < .OOOl;  adult rhesus: F[12,120] = 4.97, p < Longitudinal change in body weight of individuals was
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also analyzed for diet and age effects. Linear regression
analysis was first applied to compute the individual slopes of
body weight as a function of time for each monkey. Reason-
able linear fits were made with body weight data from the
control groups. Median Pearson product-moment correla-
tion coefficients for individual body weight gain within
groups ranged from 0.75 for juvenile squirrel monkeys to
0.87 for juvenile rhesus monkeys. Among the experimental
groups, the lowest median coefficient within any group was
0. I6 for the juvenile squirrel monkeys, while the highest was
0.76 for juvenile rhesus monkeys.

Representing absolute changes in body weight, the indi-
vidual slopes were first submitted to a 2 (age: juvenile vs
adult) by 2 (diet: control vs experimental) ANOVA  within
each species. Mean (SEMs) weight-based growth rates are
presented in Figure 4 (A and B). The old group was omitted
from this analyiis  because their inclusion would not permit a
factorial analysis. Adults displayed a higher rate of body
weight increase compared to juveniles, and monkeys on the
restricted diet were gaining weight more slowly compared to
controls. Among rhesus monkeys, the results of the
ANOVA  confirmed the significant main effects of age,
F( 1,20)  = 5.24, p < .05,  and diet, F(1,20) = 9.94, p <
.Ol, with no significant interaction, F( 1,20)  = 2.75, p >
.05. Among squirrel monkeys, statistical confirmation was
made with respect to the main effect of diet, F&20) =
8.03, p < .02; but neither the main effect of age nor the
interaction was significant, F(1,20)  = 1 .Ol, p > .05,  and
F( 1,20)  < 1 .O, respectively.

When the absolute body weight gain of the experimental
groups was expressed as a percentage of that of controls, the
degree of restriction could be assessed. Among rhesus mon-
keys. the body weight increase of the restricted groups was
48% and 29% of that for the juvenile and adult control
groups, respectively. For the squirrel monkeys, the body
weight increase of the experimental juvenile and adult
groups was 35% and 24% of their respective control group
rates. Diet restriction appeared to have a greater impact on
body weight gain among squirrel monkeys compared to
rhesus counterparts.

To compute the relative body weight gain for each mon-
key, individual slopes of body weight gain were divided by
baseline weight, which was the mean of the first two
monthly weighings prior to dietary restriction. These esti-
mates were then submitted to a 2 (age: juvenile vs adult) by 2
(diet: control vs experimental) ANOVA  for each species.
Again, the old groups were omitted from this analysis.

Mean (SEMs) relative growth rates in body weight were
generally higher among rhesus compared to squirrel mon-
keys, and the effect of diet was marked (Figure 4, C and D).
In both species, the ANOVAs  yielded significant main
effects of diet, F( 1,20)  = 9.20, p < .OOl, for rhesus
monkeys; F( 1,20)  = 19.55, p = .0003 for squirrel mon-
keys. Neither the main effect of age nor the age by diet
interaction proved significant in either species (ps  > .05).

When the relative rates of body weight gain in experimen-
tal groups were expressed as a percent of that for appropriate
controls, a consistency in diet effect emerged across age
groups in both species. The degree of relative body weight
gain among restricted rhesus monkeys was 46% and 49%
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that of juvenile and adult controls, respectively. Among
squirrel monkeys, these estimates were 32% and 20% for
juvenile and adult groups, respectively. Thus, when as-
sessed on a relative basis, the degree of reduction in body
weight gain appeared greater among squirrel monkeys.
However, within both species no significant age difference
in the effect of the diet regimen on relative body weight gain
was apparent.

Changes in body weight in the old group were compared
to those of the juvenile and adult control groups in one-way
ANOVAs  separate for species in both absolute and relative
body weight measures. Results of the ANOVAs on absolute
body weight increase revealed a significant age-related in-
crease in squirrel monkeys, F(2,14)  = 5.64, p < .Ol
(Figure 4B); however, the effect of age was not significant
for rhesus monkeys, F(2,15)  = 1.81, p > .05  (Figure 4A).
The results of ANOVAs  on relative body weight gain indi-
cated no significant effect of age in either rhesus, F(2,15) =
2.91, p > .05,  or in squirrel monkeys, F(2,14) < 1 .O. Thus,
relative body weight gain appeared equivalent across age
groups in both species. However, it should be noted that the
relative increase in body weight of old rhesus monkeys was
half that of the younger groups. It is also important to note
that old monkeys of both species were gaining body weight
while consuming these diets.

Food Intake
Table 5 presents food intake data obtained over a one-

week sampling period at the approximate midpoint of the
first year of the study. Absolute food consumption was
reduced by 23 and 24% for juvenile and adult experimental
rhesus monkeys, respectively. The corresponding reduc-
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tions for the same groups of squirrel monkeys were 22 and
24%. Although diet-restricted rhesus monkeys consumed
their entire food allotment, squirrel monkeys in the experi-
mental group did not consume 7-12% of their food. Because
food was left unconsumed by control animals of both spe-
cies, it appears that these monkeys were ad libitum fed. The
largest amount of uneaten food was recorded for old mon-
keys of both species.

Hematology and Blood Chemistry
The results of the hematology and blood chemistry assays

conducted for seven occasions over a IO-mo interval are
summarized in Tables 6-7 and Figures 5-10. All assayed
constituents are listed in the tables; however, several constit-
uents (banded neutrophils, monocytes, atypical lympho-
cytes, and direct and indirect bilirubin) were not analyzed
statistically because their values rarely exceeded zero. To
permit any desired comparison to standard values from the
same or different species, the mean ( LSD)  values for all
other constituents are provided for each species.

Diet effects on hematological and blood chemical vari-
ables were assessed by conducting two-tailed t-test compari-
sons (p < .05) between control and experimental animals
within each age group. Only data for those comparisons that
were significant on at least one of the last two measurement
occasions are listed in the tables. This logic was applied to
identify those variables which indicated the potential for
lasting changes that appeared relatively early in the study.

The age effects listed represent those variables that exhibited
significant differences (two-tailed t-test comparisons, p <
.05) between any two age groups on at least two occasions,
and that two or more age differences were consistent, i.e.,
there are no reversals in the direction of the significant age

Table 5. Effect of Age and Diet on Food Consumption

Age Diet

Food Consumed
Food Consumed (% of

(% of Total Absolute Control
N Allotment) Group Consumption)

Rhesus Monkeys

Juvenile Control 6 91 tr 5 100 2 ga
Experimental 6 100 +_ 0 772 oa

Adult Control 6 91 k 4 100 + 5b
Experimental 6 100 * 0 76 + Ob

Old Control 6 79 2 9 100 + 11

Squirrel Monkeys

Juvenile Control 7 83 -+ 2 100 k 2c
Experimental 5 93 It 2 78 + 2c

Adult Control 7 82 2 4 100 * 5d
Experimental 6 88 2 3 76 k 2d

Old Control 4 68 + 6 lOOk 9

Notes. Values are the mean (SEM)  for the indicated numbers of animals.
aqb,c+dsignificantly  different from corresponding letter group @ < .Ol by

unpaired t-test).

Table 6. Summary of Hematology Results

Abbreviation Parameter Units Speciesa Mean S D Diet Effectsb Age Effects

RBC

HGB

HCT

MCV

MCH

MCHC

WBC

POLY s

LYMPH

MONOS

EOSIN

Red blood cells

Hemoglobin

Hematocrit

Mean corpuscular volume

Mean corpuscular hemoglobin

Mean corpuscular hemoglobin cone

White blood cells

Polymorphonuclear leukocytes

Lymphocytes

Monocytes

Eosinophils

1 06/mm3

g/d1

%

P3

Pg

%

1 03/mm3

R H
SQ
RH
SQ
RH
SQ
R H
SQ
RH
SQ
RH
SQ
R H
SQ

R H

SQ
RH

SQ
RH
SQ
RH
SQ

5.3
7.1

12.7
13.7

38.5
42.4

73.8
59.2

24.4
19.5

32.9
32.8

6.8
6.7

41.2

42.1

51.8

51.5

2.2
2.3

3.3
3.2

0.5
0.7

1.2
1.5

3.9
4.3

3.8
3.9

1.7
1.5

1.3
1.3

2.7
2.3

15.1

15.3

15.4

15.5

1.9
2.0

4.1
3.3

JE = 34.5 > JC = 33.0(11)

JE = 36.7 > JC = 23.7 (8)
JE = 47.5 > JC = 34.4 (11)

AC = 42.3 > AE = 30.0 (8)
JC = 38.6 > JE = 18.6 (8)

JC = 72.0 > JE = 58.3 (8)
JC = 56.6 > JE = 44.2 (11)
AE = 63.7 > AC = 51.3 (8)

O>A=J

O>A=J

O>A=J

O>A=J
J=O>A

J=A>O

J>A>O

O>A=J
O>A>J

“RH = Rhesus; SQ = Squirrel; bJ = Juvenile; A = Adult; 0 = Old; C = Control; E = Experimental; (#) = Month Observed.
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Table 7. Summary of Blood Chemistry Results

Abbreviation Parameter Units Speciesa Mean SD Mean Diet Effectsb Age Effects

Lactic dehydrogenase

Serum glutamic oxalacetic transaminase

Serum glutamic pyruvic transaminase

Alkaline phosphatase

Total bilirubin

Total protein

Albumin

Globulin

ALBUGLOB  Ratio

Cholesterol

Glucose

W/L

W/L

IU/L

IU/L

mg/dl

g/d1

g/d1

g/d1

RH
SQ
RH
SQ
RH
SQ
RH
SQ

586.0 15.5 AC = 415 > AE = 329 (11)
283.0 141 .o

LDH

SGOT

SGPT

ALK PHOS

T-BILI

T-PRO

ALBU

GLOB

A/G RATIO

CHOL

GLU

64.3 33.3
187.0 88.0 J C  =  2 2 1  >JE  = 144(11)

42.6
173.0

28.6
125.0

J>A=O
J>A=O

J>A=O
J>A>O

452.0 232.0 J>A>O
384.0 286.0 J>A=O

RH
SQ
RH
SQ
RH
SQ
RH
SQ
RH
SQ
RH
SQ
RH
SQ
RH
SQ
RH

SQ
R H
SQ
RH
SQ

0.13
0.20

0.05
0.21

7.1
6.9

0.6 A>O>J
O>A>J

A >  J  >O

0.9

4.3 0.5 AE = 5.1 > AC = 4.6 (11)
3.4 0.5

2.9
3.6

0.7 O>A>J
O>A>J

J>A>O
J>A>O

J>A>O

1.0

1.6 0.4
1.0 0.2

mg/dl

mgidl

BUN Blood urea nitrogen mg/dl

CREAT Creatinine mg/dl

138.0
152.0

29.1

66.3 22.2
66.2 21.3

BUNCREAT BUNCREAT  Ratio

URIC Uric acid mg/dl

18.9 6.4 J>A=O
23.2 7.1 J=A>O

O>A>J
O>A>J

J>A=O
J=A>O

0.95
0.67

20.7
36.3

0.18
0.15 JE = 0.76  > JC = 0.59 (8)

8.4
12.9

CALC Calcium mg/dl

Phosphates mg/dl

0.12
0.19

0.12
0.33

R H 9.3
SQ 8.5
R H 5.2
SQ 4.1

0.5 JC = 9.4 > JE = 8.9 (1 1)
0.5

J=A>O

1.3 JC = 7.5 > JE = 5.8 (11) J>A>O
1.5 J>A>O

aRH = Rhesus; SQ = Squirrel; bJ = Juvenile; A = Adult; 0 = Old; C = Control; E = Experimental; (#) =

difference across measurement occasion. Diet groups have
been combined for these age comparisons because there was
rare occasion of diet effects occurring during more than one
month. Both diet and age comparisons were made only if
there were at least four observations in each group for that
occasion. Variables for which significant age effects were
noted are also presented in Figures 5- 10.

This statistical strategy of applying multiple t-tests was
conducted with awareness of the risks involving greatly
increased Type I error rate, that is, concluding significance
that arises by chance alone. This risk was accepted because
(a) the fact of many missing data points across the measure-
ment occasions for all variables made it impossible to con-
duct a repeated measures ANOVA;  (b) since data on hema-
tology and blood chemistry were being used to identify
possible detrimental effects of the nutritional manipulation,
we wanted to apply the most liberal analysis initially; and (c)
the lack of statistical significance emerging from this liberal

analysis might permit the exclusion of selected variables
from future collection or assessment. All significant findings
reported here will be repeated in future analyses to assure
their reliability.

Diet Effects

Hernntologr - From a possible 392 total comparisons,
only 20 significant diet effects were observed (Table 6).
With only two exceptions, these effects emerged on only one
measurement occasion with 14 out of 20 observed on one or
both of the last two measurement occasions as shown in
Tables 6 and 7. On only rare instances were the diet effects
consistent across age groups or species.

Regarding erythrocyte parameters, the only comparison
of interest was observed for MCHC, which was higher
among juvenile rhesus experimental monkeys compared to
controls on the last measurement occasion after 7 months on
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30% dietary restriction. No erythrocyte parameter was sig-
nificantly affected in the squirrel monkeys, but many com-
parisons could not be made because of insufficient sample
sizes.

Regarding leukocyte parameters, several significant, but
again inconsistent, diet effects were noted. POLYS were
observed to be higher among rhesus adult control monkeys
compared to experimental control monkeys on the sixth
measurement occasion (month 8). This was opposite the
pattern among juvenile rhesus monkeys, where experimental
animals had higher POLYS counts compared to control
animals on the same occasion, and this difference was
maintained in the juvenile rhesus experimental group on the
last measurement. The pattern in juvenile squirrel monkeys
was similar to that observed among adult rhesus. On the next
to last measurement (month S), the percentage of POLYS
was higher in control animals compared to experimental
animals in this age group. Juvenile rhesus experimental
monkeys had lower percentages of LYMPH compared to
that control group on the last two occasions; however, this
pattern contrasted to the higher level observed among adult
rhesus experimental animals compared to their control ani-
mals on occasion 8. In summary, little consistency existed
across age groups and species with respect to diet effects on
the hematological parameters examined. However, the val-
ues obtained all appeared to be within normal ranges for the
species (Abee, 1985; McClure, 1975).

Blood chemistv.  - Several diet effects on blood chemis-
try variables emerged on the last two measurements which
render them important candidates for future analysis (Table
7). LDH activity for adult rhesus monkeys was higher in the
control group compared to the experimental group. In the
same age group of rhesus monkeys, ALBU concentration
was higher in experimental compared to control animals.
Among juvenile rhesus groups, CALC and PHOS concen-
trations were higher among control compared to experimen-
tal groups. Diet effects among squirrel monkeys were ob-
served for only two variables. Juvenile control groups
exhibited higher activity of SGOT compared to experimental
groups. Juvenile experimental animals exhibited higher
CREAT concentrations compared to control animals on the
next to last occasion (month 8).

Age Eflects
As stated above, control and experimental animals from

the same ages were grouped to assess age effects because the
diet effects were infrequent.

Hematologv.  - Among rhesus monkeys very consistent
age effects on RBC, HGB, and HCT were observed (Figure
5). Old monkeys had higher values for these parameters
compared to juvenile and adult monkeys, which did not
differ significantly. This observation was consistent across
all measurement occasions except for month 8, when RBC
and HGB for the adult rhesus group were elevated to the
value of the old group, but then returned to their previous
levels on the last occasion. The age patterns among squirrel
monkeys for RBC, HGB, and HCT were much less consist-
ent, and generally nonsignificant. During the last few mea-
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Figure 5. Mean (SEM) erythrocyte measures (red blood cells, hemoglo-
bin, hematocrit) in rhesus and squirrel monkeys.

surements, though, all the parameters appeared to be lower
in juveniles compared to adults of this species.

Regarding leukocyte parameters shown in Figure 6, old
rhesus monkeys had higher values of WBC and EOSIN
compared to juvenile and adult groups, which were similar
to the pattern of erythrocyte results. This difference was
generally consistent across all measurement occasions. The
age difference in EOSIN was also recorded for squirrel
monkeys, and this parameter also appeared to increase
between juvenile and adult groups. This latter trend was also
evident among rhesus monkeys. However, in contrast to the
pattern observed in WBC among rhesus monkeys, it ap-
peared that on at least two early measurements, WBC levels
among juvenile squirrel monkeys were higher compared to
adult and old groups. Regarding LYMPH concentrations,
age differences were generally consistent across species.
Among rhesus monkeys, LYMPH concentrations were
clearly lower among old groups compared to juveniles and
adults. A similar age pattern in LYMPH concentration,
however, was not observed among squirrel monkeys until
the last few measurements.
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Figure 6. Mean (SEM)  leukocyte measures (white blood cells, lympho-
cytes, eosinophils) in rhesus and squirrel monkeys.

Figure 7. Mean (SEM)  serum enzyme levels (serum glutamic oxalacetic
transaminase, serum glutamic pyruvic transaminase, alkaline phosphatase)
in rhesus and squirrel monkeys.

Blood chemistrv. - Age effects observed for SGOT,
SGPT, and ALK PHOS were very consistent (Figure 7). In
general for all three enzymes, concentrations declined as a
function of age in both species. For SGOT the age effect
appeared more as a developmental change between juvenile
and older groups. The same developmental trend was true
for SGPT among rhesus monkeys, although the values for
the old group approached those for juvenile animals on a
couple of occasions. Values for the adult group were consist-
ently lower compared to the juvenile group. The pattern in
SGPT concentrations appeared more uniform among squir-
rel monkeys with the appearance of a consistent age-related
decline in this enzyme. For ALK PHOS the age decline was
generally uniform and large for rhesus monkeys. In contrast,
the age effect for ALK PHOS among squirrel monkeys
appeared to be developmental.

T-PRO concentrations showed an inconsistent age pattern
among rhesus monkeys (Figure 8). Values were the lowest
for juvenile monkeys. However, adults of this species exhib-
ited the highest values for several months with the old group
at an intermediate level. For squirrel monkeys T-PRO con-
centrations increased consistently with age.

ALBU and GLOB concentrations as well as their ratio
exhibited significant age effects primarily in rhesus monkeys
(Figure 8). For GLOB, marked and consistent age-related
increases in concentrations were observed in both species.
For ALBU, no significant age pattern was observed for
squirrel monkeys. For rhesus monkeys, the oldest group
generally had the lowest concentrations of ALBU; however,
the highest levels were observed among adults while the
juvenile group exhibited intermediate values but close to that
of adults. Age differences in the A/G ratio were observed in
both species; however, the age-related decrease in A/G ratio
was more consistent over time among rhesus monkeys.

Parameters of kidney function also exhibited significant
age effects that were generally evident across species (Figure
9). CREAT concentrations showed the most consistent pat-
tern of an age-related increase in both species. In contrast,
the age pattern for BUN was more complex. Among rhesus
monkeys, the highest BUN values were reported for juvenile
groups with lowest for adults. Among squirrel monkeys,
again juveniles had the lowest values but generally equiva-
lent to the levels of adult monkeys, and old monkeys exhib-
ited the lowest values on several occasions. For the BUN-
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The major objective of this study was to assess the
feasibility of implementing dietary restriction in nonhuman
primates to determine its relevance as an experimental ma-
nipulation of aging processes. This challenge was difficult in
view of the general lack of information on appropriate
nutrition for captive primate species (National Research
Council, 1978). A previous study had indicated the feasibil-
ity of studying the effects of nutritional manipulation on
aging in Macaca nemestrina (Short et al., 1987); however,
this investigation altered primarily fat content without delib-
erately reducing caloric content. Other primate nutrition
studies have focused on manipulation of specific diet compo-
nents, e.g., fiber (Morin et al., 1978).

The critical question confronted was whether a nutrition-
ally adequate diet suitable to each species could be provided
to permit feeding to experimental animals at a level 30% less
than recommended control values without detriment to gen-
eral health. As indicated in rodent studies, the goal was to
achieve dietary restriction without malnutrition (Weindruch
and Walford, 1988). This goal required careful monitoring

Figure 8. Mean (SEM) serum protein levels (total protein, albumin,
globulin, albumin/globulin rati/o) in rhesus and squirrel monkeys.

CREAT ratio, a developmental trend was observed among
rhesus monkeys. Juvenile monkeys in this species were
consistently higher in this ratio compared to adult and old
groups. A uniform age-related decrease in this ratio was
somewhat more evident among squirrel monkeys.

Analysis of serum concentrations for CHOL and the
minerals CALC and PHOS also revealed significant age
differences (Figure 10). Over the last few measurement
occasions, an age-related decrease in serum CHOL emerged
among rhesus monkeys. CALC concentrations in this spe-
cies also exhibited an age-related decrease between adult and
old groups. For PHOS concentrations, a generally consistent
age-related decrease was observed in both species.



B160 INGRAM ET AL.

r
2251

G- 200'

P l75-
I; _
0 150
E 125'

f loo-

6 75p

3 50-

RHESUS MONKEYS SQUIRREL MONKEYS

O-----e JUVENILE
c - * ADULT
- OLD

2 4 6 8 10 2 4 6 8 10

MONTHS
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of the monkeys, especially during the early transitional
phases of the experiment. Adjustments were necessary early
in the study, particularly with respect to the amount of food
provided juvenile monkeys of both species. However, based
on analysis of body weight change in addition to the normal-
ity of the hematology and blood chemistry data obtained
from the first year of this study, we conclude that the current
results support the feasibility of further analysis of this
dietary restriction regimen in the present species.

Body Weight and Food Intake
Unquestionably the dietary restriction regimen has been

successful in altering the rate of body weight gain of juvenile
and adult monkeys in both species. It should be noted that
food intake studies reveal an actual reduction of 22-24%
rather than the 30% ideally sought on the basis of allotment.
Part of the discrepancy may be due to mechanical factors
such as food loss through the cage or behavioral peculiarities
such as playing with food and untidy eating habits. Further
dietary reductions might be considered in light of the level of
restriction proven successful (up to 50%) in rodent studies
(Weindruch and Walford, 1988). Despite these variables,

however, a substantial reduction in intake has been clearly
reflected in reduced body weight gain.

Equally important is the observation that the diet for each
species appears adequate for normal growth in young mon-
keys. All control groups are gaining body weight. This
conclusion can be further bolstered by projecting the abso-
lute changes in body weight for the juvenile control groups
over 3 years for both species. Assuming a continued linear
absolute increase in body weight at this stage of development
(Boume, 1975; Portman, 1970),  the projected increase for
rhesus monkeys over 3 years would be about 2.5 kg, and for
squirrel monkeys, about 0.25 kg, which would place them at
the mean level of their respective adult groups at the begin-
ning of the study. One present concern, however, is the
increase in body weight of the old groups. If this trend were
to continue, it might signal that the diet was overnutritious
relative to the exercise level. Many adult rhesus monkeys in
laboratory environments can develop frank obesity and dia-
betes at older ages (Hanson and Jen, 1979).

In the juvenile and adult groups of both species, dietary
restriction has slowed body weight gain. Among rhesus
monkeys, the divergence between groups is very clear when
examining mean body weights. This divergence is less
evident when examining the mean body weights of squirrel
monkey groups. However, when examining the slopes of
individual body weight gain across the first year of this
study, the divergence between control and experimental
groups is obvious. Some disproportionality of the diet effect
appears across age groups when absolute body weight gain is
considered, but then the view of relative body weight gain
indicates an equivalent effect across age groups. On this
relative basis, it appears that the diet effect is greater among
squirrel monkeys compared to the effect among the rhesus.
Linear projections of the current absolute rates of body
weight gain for juvenile experimental animals in both spe-
cies over 3 years would yield estimates indicating relatively
small monkeys for their ages. Among rhesus juveniles, these
monkeys should have a mean body weight of about 3.7 kg
compared to 5.2 kg for controls. Over 3 years, juvenile
squirrel monkeys on dietary restriction would be expected to
gain somewhat less than 100 g. Given the range of body
weights within juvenile diet group, a significant difference
between control and experimental groups of this species
would likely still not exist even after 3 years.

Hematolop  and Blood Chemistrl,
From the analysis of the hematology and blood chemistry

data, we found no evidence of a detrimental effect of dietary
restriction. With the exception of the juvenile groups that
required some early adjustments to their allotted intakes, all
monkeys now appear to be healthy. The values obtained in
this clinical screen were within normal ranges for both
rhesus (McClure, 1975) and squirrel monkeys (Abee,  1985).
For rhesus monkeys many of these values could be assessed
against those of an earlier study that compared adult (6-14
yr) to aged (15-28 yr) groups (Kessler et al., 1983).

Diet effects on the extensive list of hematology and blood
chemistry parameters examined were infrequent and incon-
sistent across age and species. The lack of diet effects might
be due to small sample sizes and interindividual variability
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or the moderate degree of diet restriction imposed. Perhaps a
longitudinal analysis will be more sensitive to group differ-
ences. Addition of new data samples collected quarterly will
permit such an analysis. Alternatively, the amount of time
thus far devoted to dietary restriction or the severity of diet
restriction may be insufficient to produce group differences
in these parameters for these long-lived species. Short-term
dietary restriction (5-6 weeks) in rats has been shown to
affect several parameters in our battery, including erythro-
cyte parameters (Pickering and Pickering, 1984) and glu-
cose, uric acid, and fats (Sachan  and Das, 1982). Diet
restriction is also known to decrease several leukocyte pa-
rameters in mice (Weindruch and Walford,  1988). In the
present study lymphocyte concentrations were reduced
among experimental juvenile rhesus monkeys compared to
controls but not among squirrel monkeys; however, lympho-
cyte concentrations were increased among adult experimen-
tal rhesus monkeys compared to control values.

In addition to health monitoring, application of the hema-
tology and blood chemistry battery also permitted assess-
ment of potential markers of development and aging that
might be used to determine whether dietary restriction al-
tered the rate of development and aging when analyzed over
longer time periods (Short et al., 1987). Many candidate
markers emerged in the first year of this study with some
parameters appearing more stable than others.

The highly related erythrocyte parameters - RBC, HGB,
HCT - all exhibited an age-related increase between adult
and old rhesus monkeys. This observation paralleled that
previously reported for male pigtailed macaques (Short et
al., 1987) and was similar to values obtained for aged rhesus
monkeys (Kessler et al., 1983).

WBC also increased with age among rhesus monkeys,
which had not been reported in the earlier study of pig-tailed
macaques (Short et al., 1987) or in humans (Adler and
Nagel, 198 1). This parameter appears inconsistent across
species since among squirrel monkeys the juveniles had the
highest concentrations of WBC. Among the other leukocyte
parameters, LYMPHS and EOSIN exhibited consistent age
effects in both species. Eiosinophilia increased with age,
which had been observed in a previous study of male and
female rhesus monkeys (Kessler et al., 1983). This observa-
tion might result from longer exposure to parasitic infections
rather than to aging per se. However, the age-related de-
crease in LYMPH concentration would appear less sensitive
to the exposure issue.

From the blood chemistry analysis, SGOT, SGPT, and
ALK PHOS concentrations appear to be excellent candidates
for examining effects of dietary restriction on either develop-
ment or aging. These three enzymes appear to reflect devel-
opmental differences between juvenile and adult groups in
both species. ALK PHOS in rhesus monkeys and SGPT in
squirrel monkeys reflect the best potential markers of aging
from this group of variables. The previous study of pig-tailed
macaques did not report any age differences in ALK PHOS
levels (Short et al., 1987). No significant age-related decline
in ALK PHOS was reported between adult and aged male
rhesus monkeys although a decline was observed in females
(Kessler et al., 1983). The high levels of ALK PHOS among
juvenile animals may reflect the normal bone growth activity

(osteoblasts secrete ALK PHOS into the osteoid matrix),
which is diminished as a function of age.

High levels of SGOT and SGPT are usually indicative of
liver damage in clinical screens. No significant difference
between adult and aged rhesus monkeys was observed for
either parameter in an earlier study (Kessler et al., 1983).
The high levels observed in juvenile animals in the present
study are probably due to developmental factors. In this
case, elevated SGOT could reflect greater levels of locomo-
tor activity resulting in increased production in muscle
(Benjamin, 1978). SGPT appears to be more specific to liver
function with the higher juvenile levels possibly represent-
ing a greater degree of fatty metamorphosis (Benjamin,
1978).

Regarding blood proteins, T-PRO may be a candidate for
assessing development in both species and aging in squirrel
monkeys. Short et al. ( 1987) reported no significant age
effects on this parameter in pig-tailed macaques, but Gilli-
brand et al. ( 1980) noted a slight age-related decrease in
human males for total protein. This measure may reflect the
age-related increase in GLOB production observed in both
species which parallels findings for age effects on GLOB in
human males (Borkan and Norris, 1980; Gillibrand et al.,
1980) rhesus monkeys (Kessler et al., 1983),  and miniature
swine (Tumbleson et al., 1976). ALBU concentration ap-
pears as a stable marker of aging among rhesus monkeys. A
monotonic decline with age was also observed in pig-tailed
macaques (Short et al., 1987),  human males (Borkan and
Norris, 1980; Gillibrand et al., 1980),  and in miniature
swine after 11  mo of age (Tumbleson et al., 1976). The
different direction of the age effects in ALBU and GLOB is
reflected in the great stability in age effects on the A/G‘ratio
among rhesus monkeys and to some extent among squirrel
monkeys.

Kidney function tests also offered some possible markers
of development and aging to examine in future studies. In
rhesus monkeys the developmental decline in BUN between
juvenile and adults is a good candidate to follow. No age
effects were noted in rhesus (Kessler et al., 1983) or pig-
tailed macaques (Short et al., 1987),  but the developmental
decline was reported for miniature swine followed by an
age-related increase after 8 mo of age (Hutcheson et al.,
1979). In human males an increase in BUN after 60 yrs of
age has been noted (Gillibrand et al., 1980),  and a positive
correlation with age in females has also been reported
(Webster and Logie, 1976). The major age difference in
BUN for squirrel monkeys in the present study appeared
between adult and old groups. Developmental and aging
patterns were clearly evident in CREAT concentrations in
both species. No age effects were reported for this parameter
among rhesus (Kessler et al., 1983) or pig-tailed macaques
(Short et al., 1987). An age-related increase in CREAT has
been reported for human males (Gillibrand et al., 1980).
When the ratio of BUN to CREAT was considered in the
present study, the developmental decline was very evident
among rhesus monkeys. Among squirrel monkeys a possible
age-related decline was noted.

Regarding blood minerals, both CALC and PHOS em-
erged as possible markers of aging in rhesus monkeys. The
age effect for CALC appeared between adult and old groups.
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An age-related decline in serum CALC was reported previ-
ously for pig-tailed macaques (Short et al., 1987),  human
males (Gillibrand et al., 1980),  dairy cattle (Tumbleson et
al., 1973),  and miniature swine (Hutcheson et al., 1979),  but
not in rhesus monkeys (Kessler et al., 1983). No age effect
for CALC emerged in squirrel monkeys in the current study.
In contrast, PHOS concentrations exhibited fairly reliable
age-related decline in both species although to a less reliable
extent among squirrel monkeys. In human males, the age-
related decline in phosphorous appears up to 20 years of age
and remains stable thereafter (Gillibrand et al., 1980). Both
CALC and PHOS may provide measures of bone growth and
development to monitor for the effects of diet and aging in
the primate species being studied.

Whereas the previous study of pig-tailed macaques (Short
et al.. 1987) reported no consistent age effects on CHOL
(specific types), a possible age-related decline was noted
among rhesus monkeys in the current study, but the effect
was not consistent. No such effect was observed in squirrel
monkeys. Thus, more observations will be needed to estab-
lish the reliability of CHOL as a useful marker of develop-
ment and aging.

In summary, from a nutritional perspective our initial
results indicate that dietary restriction at the current level in
juvenile and adult rhesus and squirrel monkeys is feasible.
Food intake is sufficiently under control so as to produce
differential rates of body weight gain between control and
experimental groups at both ages in both species. Additional
morphometric measurements are being made to assess fur-
ther the impact of the diet regimen on development and
growth. The analyses of hematology and blood chemistry
data suggest no detrimental effects of dietary restriction.
Instead, the application of this clinical battery yielded many
variables that can be followed as markers of development
and aging to assess the effect of the diet manipulation
thereon. We recognize that the cross-sectional nature of the
current analysis must be verified by longitudinal analysis to
rule out possible cohort and secular effects and the influence
of genetic heterogeneity. This analysis will be completed as
additional data points are added. However, the results of the
project, to date, have encouraged the inclusion of other
measures to assess the impact of dietary restriction on
development and aging and to begin testing in nonhuman
primate species possible hypotheses related to biological
mechanisms underlying nutritional effects on aging pro-
cesses.
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